Introduction
There has been a major increase in research into and synthesis of inorganic therapeutics due to the limited activity of drugs such as cis-platin and additionally the drug resistance phenomena which lower their impact [1, 2, 3] . The relative success of cis-platin has stimulated the search for cytotoxic compounds with more acceptable toxicity profiles [4, 5] . Research has gone into ruthenium, titanium and gallium complexes, of which some have gone onto clinical trials phase (I) and (II) [6, 7, 8] . Other potential applications for which ruthenium based complexes are at the forefront of research are concentrators for solar cells, oxygen sensors and photoactive drugs [9, 10, 11] .
Primary research focus has been on the therapeutic properties of the complexes. Several different ruthenium (II) and (III) complexes have exhibited good antitumour and anti-metastic properties [12, 13, 14] . These complexes also showed relatively low cytotoxicity as compared to cis-platin. They proved to have a higher therapeutic dose than cis-platin [14] . This is an extremely desirable factor as a drug with a narrow therapeutic range has little difference between toxic and therapeutic dose. A prime example is the Ru(III) complex commonly known as NAMI-A [1mH][trans RuCl 4 (DMSO-S)(Im)] which has passed phase I clinical trials due to its excellent anti-metastic activity [15] .
A recent perspective article by Alessio et al, categorised metal anticancer compounds based on their mode of action, which could be divided into five different classes:
1. The metal has a functional role, i.e. the activity derives from a direct binding of the metal fragment to the biological target. 4 4. The metal compound behaves as a catalyst in vivo, e.g. through the production of reactive oxygen species (ROS) that cause cell damage.
The metal compound is photoactive and behaves as a photosensitizer.
Elucidation and optimisation of the mode of action of anticancer agents in classes 2, 4, and 5 as defined by Alessio et al require an intimate knowledge of both the structural and electronic properties of the complexes. Thus to fully realise the advantages of ruthenium complexes as novel inorganic therapeutics, it is crucial that the photophysical processes which govern the reactivity of the complexes are fully and comprehensively understood. Many research teams have incorporated 1,10-phenanthroline-5,6-dione binding to DNA can be reasonably explained by density functional theory (DFT) calculations [18] .
This work serves to provide a link between the structural correlations observed in regarding biological activity and the electronic and excited state structure property relationships. Firstly the Ru(II) complexes will be thoroughly characterised though a systemic study of their electronic and vibrational properties.
Research into optimisation of electronic and emissive characteristics in organic polymeric and oligomeric systems has shown that the vibrational characteristics, and hence the non-radiative decay, can be gauged by both Stokes shift (crudely) and moreover routinely by Raman spectroscopy which Page 4 of 26
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To this end, coordination compounds of Ru(II) were synthesised with the following nitrogen donor ligands; 2,2'-bipyrdine (bpy), 1,10-phenanthroline (phen) and 2,2'-biquinoline (biq). The step-by-step substitution of the auxiliary ligands allows analysis with essentially a single variable, increasing the reduction potential of the attached auxiliary ligand. The effect of the systematic change on the complexes properties is investigated using a series of ruthenium complexes with a end-group terminations varied from 2-(4-formylphenyl)imidazo [4,5- 
It is proposed that the variation of the electronic band gap, extended to the Stokes shift, can be shown to have a well-defined dependence on the reduction potential of the attached auxiliary ligands, thus allowing the prediction of the band gap of further ruthenium based complexes. The sequential replacement of auxiliary ligands is anticipated to significantly influence the vibrational coupling along the complexes and as such the Raman spectroscopy is employed as a means to gauge the potential of vibrational coherence across the conjugated back-bone. This proposed change in vibrational coupling will allow for quantitative structure property relationships to be formed and any restriction of the avenues of non-radiative decay would lead to the maximizing the radiative decay, i.e., luminescence.
Hence the study is aimed at exploration of structure-property relationships for both electronic and vibrational characteristics in these systems.
The establishment of well-defined structure property relationships, similar to the trend observed for the DNA binding mentioned earlier, will aid the intelligent design of complexes to absorb and emit in required spectral windows. Furthermore, the potential for control and optimisation of luminescence Synthesis of the ruthenium complexes, have been described elsewhere [18, 23, 24] . The complexes were prepared in an acetonitrile solution. Concentration dependent studies were undertaken to ensure the samples were unaffected by aggregation. Absorption spectroscopy was carried out using a Perkin Elmer Lambda 900 UV/VIS/NIR absorption spectrometer. The luminescence measurements were performed using a Perkin Elmer LS55 luminescence spectrometer. These measurements were used to calculate luminescence yields.
The reduction potential for the ligands is taken for literature and used as mean to describe the electronic state of the auxiliary ligand. The reduction potential can be defined as the tendency of a chemical Luminescence lifetimes of aerated samples were measured using a computer controlled Time Correlated
Single Photon Counting Spectrometer FL900 from Edinburgh Instruments. A nanosecond nF900 flashlamp excitation source using deuterium gas at a pressure of ~0.40 bar provided the fluorescence excitation pulses at 300 nm. A Peltier cooled Hamamatsu R955 side-window photomultiplier tube (PMT) was used in an orthogonal geometry. All decay curves were corrected using a deconvolution with the instrument response function obtained using a scattering solution. The profile of the instrument response pulse had a FWHM of ~ 1 ns which was the detection limit of the system. All samples were run using a variation in concentrations from 10 -4 M to 10 -9 M at 300K and in all cases the lifetime was found to be concentration independent within 0.1 ns.
Raman spectroscopy was performed using a Horiba Jobin-Yvon Labram HR800 UV confocal Raman imaging microscope system. A solid-sate (785.1 nm/3 mW) laser source was used. The light was imaged to a diffraction-limited spot via the objective lens of an Olympus BX40 microscope. All experiments were carried out at room temperature (300 K).
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The Journal of Physical Chemistry can be made from the long-wavelength absorption band (Table 1) In order to account for the systematic result of the variation of the auxiliary ligands, the absorption and emission energies where plotted as a function of the reduction potential of the auxiliary ligand. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The Stokes shift was taken as the difference between the peak absorption and the peak emission [33, 34, [36] . It can be readily seen that the bipyridine series shows the highest yields followed by the phenanthroline and then biquinoline . The contention that the Stokes shift is a measure of the non-radiative rate would lead to the assumption that the complexes with the smallest Stokes shift would have the greatest expected luminescence intensity, assuming the radiative rate being constant. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 vibrational modes over which to distribute energy, the excess energy per mode and thus the nuclear redistribution is amplified, increasing the Stokes shift [22] . It has been shown for oligomer-type systems that the Stokes shift can be seen to have proportional relationship with non-radiative decay rate [23] . As such the ruthenium complexes can be seen to behave akin to oligmeric structures wherein the conjugation is limited structurally rather than electronically. Hence the introduction of the systematically larger ringed systems increases the number of modes available for electron phonon coupling thus resulting in a reduced Stokes shift.
The changing slope of the linear fits would suggest that the electronic nature of the terminal group has a significant impact of the magnitude of the effect of systematically changing of the auxiliary ligand. This effect and merits further investigation and a complete study into the variation of the electronic and luminescence properties of the complex with variation of termination ligand type is currently being undertaken. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In an effort to confirm that the non-radiative decay rate is indeed well defined, the luminescence lifetimes were then plotted against the relative luminescence yield, figure 7. The luminescence yield was seen to increase as the Stokes shift was increased suggested the inverse relationship between the nonradiative rate and the Stoke shift. Thus a reduction of the non-radiative rate indicated by an increase in Stokes shift would lead to the longer lived excited state and thus a larger luminescence lifetime. The luminescence lifetime (τ l ) and the luminescence yield (Φ l ) can be described by the following equations
[32]:
τ lum = 1 (k rad +k ic +k isc )
Equation 3
Φ lum = k rad . τ lum
Equation 4
Hence if the change in the radiative rate can be considered negligible, then a plot of the luminescence lifetimes against luminescence yield should yield a linear relationship, with a slope representative of the relative radiative rate. In Figure 7 , this is shown to be the case for all series. This would suggest that the dominant factor being affected by the change of the auxiliary ligands is the non-radiative rate. The increase in the luminescence lifetime results in an almost linear increase in the relative yield. This suggests that the Stokes shift, as shown in figure 6 against luminescence yield, can be indicative of the magnitude of the non-radiative rate.
In order to further confirm that the Stokes shift can be used as a indirect guage of the non-radiative rate, the radiative (k rad ) and non-radiative (k nrad ) rate constants are calculated. Assuming that the intersystem crossing quantum yield for the formation of the 3 MLCT triplet state of our system is unity as for Ru (II) complexes and knowing the lifetimes (τ lum ) and emission quantum yields (Φ lum ), the radiative (k rad ) and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 non-radiative (k nrad ) rate constants for the FPIP, CPIP and NPIP series of complexes can be calculated using the following expressions:
Equation 5
k nrad = (1 -Φ lum )/ τ lum Equation 6 8.0e+6
1.0e+7
1.2e+7
The graphs in figure 8 confirm the hypothesis that the photo-physical rate are well-defined, above the Stokes shift is shown to vary systemically with respect to both the radiative and non-radiative rate for all series. However it is apparent that the rate of variation of the radiative rate and the non-radiative rate as a function of the Stokes shift is different. The radiative rate shows a linear dependence with stokes shift where as the non-radiative rate is seen to vary exponentially with inverse Stokes shift. The exponential dependence seen here confirms the fact that the dominant process here is the change of nonradiative rate.
The Energy gap law, equating the increase in the non-radiative rate as the band-gap is reduced is a common empirical guide as to the excited state dynamic's of metal based complexes [37, 38, 39] . It has been shown that the Energy gap law can be written as
where ∆E is the energy gap separation between the potential minima of the states involved, ã is a term that can be expressed in terms of molecular parameters, and ù m is the maximum and dominant vibrational frequency available in the system. It has been demonstrated that the non-radiative rate in metal based systems are governed by the Energy gap law, although deviation from a well-defined relationship are observed for low band-gap energies < 2.4eV. Moreover, significant deviations from the predicted relationship are also observed [40, 41] , especially in the transition between monomeric and polymeric structures [42] . The non-radiative rate also shows a deviation from the predicted exponential relationships when dealing with complexes wherein the structure varies from a homologous complex.
With this in mind the Stokes shift, being a manifestation of both the electronic and vibrational characteristics of the complexes is shown to be a accurate gauge of the photophysical rates and is seen to vary in a well defined manner with regard to the radiative and non-radiative rate. The deviations observed in the Energy gap law correlations are absent when the non-radiative rate is plotted as a function of Stokes shift and a better exponential fit is obtained. Although the mechanism of non-20 radiative decay upon which the Energy gap law is based is intrinsically linked to the electron-lattice coupling of the material the Stokes shift having its origins in both the vibrational and electronic characteristics and is seen to be better able to account for the variation of non-radiative rate in proxy oligomeric systems where the conjugation is limited by structure rather than the electronic nature
As is expected the non-radiative rates are dependent on both the electronic and vibrational coupling along the extended backbone of the metal based complexes. Thus, a vibrational study using Raman spectroscopy due to it sensitivity to the variation in the π conjugation was employed to gauge the variation in a key vibrational mode along the conjugated back bone. It is evident that the luminescence yield increases as the ring stretching frequency decreases. As seen previously for the electronic properties the FPIP and CPIP terminated complexes exhibit a similar activity profile. The NPIP series shows a linear behaviour but with significantly reduced slope.
This linear behaviour can be reconciled with the electronic effects of the auxiliary as the variation of the electron density proceeds from biquinoline to the sequentially less eectron donated phenanthroline and then to bipyridine. The electron density close to the Ru centre limits the strength of the π conjugation extending across the main ligand; hence with the end group electronic potential remaining constant, the effective delocalisation is a function of the electron density of the attached auxiliary ligands.
However the change in the slope of the linear fit can be directly related to the change of the end group terminations of the main ligand. The greater the electron withdrawing potential of the end group, the smaller the slope. Hence the slope inclination can be found to follow the trend, NPIP → CPIP → FPIP.
The electron withdrawing effect of the end group reduces the electron density on the imidazole ring thus reducing the stretching frequency. This effect will be dealt with in subsequent paper where the electronic nature of the terminal groups and their effect will be explored.
In summary the effect of the increasing electron density of the auxiliary ligands increases the electronic conjugation which has been shown to decrease the luminescence by strengthening the vibrational coherence across the imidazole ring and thus the potential for non-radiative decay. Once the main ligand is constant the effect of auxiliary ligand change is relatively easy to reconcile, however the changing of both main and auxiliary ligand will introduce competing effects. These effects make a unified expression of the effect of the auxiliary/main ligand change difficult to quantify, but it is apparent that there are both vibrational and electronic components to this effect. Further work will be undertaken to elucidate the effect of the variation of the terminal end group electronegative on the photo-physical rates and an empirical formulae to reconcile the push-pull effects simultaneous auxiliary and main ligand change.
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Conclusions
This study establishes structure property relationships for a multiple series of systematically varied ruthenium complexes through a thorough investigation of the electronic absorption and emission characteristics. A well-defined relationship is found to exist between the absorption and emission wavelengths and the electronic effect of auxiliary ligand as measured by the electronic chemical potential. The relative electron withdrawing/donating effects of the auxiliary ligands are shown to be the dominant factor in tailoring the electronic characteristics of the complexes but it is shown that this effect can be moderated by the electron affinity of the terminal functional group on the main ligand when investigating the luminescence lifetime/yield. The electron withdrawing ligands terminating the complex work to negate the magnitude of the effect of changing the auxiliary ligands.
As has been previously shown, for conjugated organic systems [21, 22] , the Stokes shift as defined herein can be used as a crude measure of vibrational activity and hence the non-radiative decay rate and is seen to be well-defined with respect to the luminescence yield of the complexes. This relationship is complex due to the effective conjugation being limited by molecular length rather than inherent electronic properties. The relationship between the luminescence yield and lifetime establishes that the dominant effect of the auxiliary ligands being systematically change is a manipulation in the nonradiative decay rate. The dominance of the changing non-radiative rate is further illustrated as a function of Stokes shift and illustrates the potential for the Stokes shift to be a more accurate gauge of nonradiative rate change than the Energy gap law as it has its origin in both the electronic re-organisation and the vibrational characteristics of the complexes. Raman spectroscopy of the complexes leads to the assignment of a vibrational mode unique to the main ligand, the frequency of which is shown to vary in a well-defined manner with the luminescence yield, indicating it could be a used as an empirical guide to the push-pull effect of auxiliary ligand change. These important relationships allow the tailored extension of the luminescence lifetime without the loss of luminescence yield. This is highly desirable 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 in therapeutics where the mode of action is based on the photoactive behaviour or for the production of reactive oxygen species (ROS) that cause cell damage. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
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